that occurs as a result of chronic pressure or volume overload in settings of disease. 8 When untreated, pathological cardiac hypertrophy can progress to heart failure, whereas physiological cardiac hypertrophy is reversible 9 and is not associated with adverse remodeling or compromised function. 10 In the last decade, it has become apparent that distinct signaling cascades regulate physiological and pathological growth of the heart. 8 G protein-coupled receptor signaling cascades are required for the induction of pathological cardiac hypertrophy, [11] [12] [13] whereas activation of the insulin-like growth factor 1-phosphoinositide 3-kinase p110α (PI3K[p110α]) signaling pathway is critical for physiological heart growth. 14, 15 PI3K(p110α) is a lipid kinase that catalyses the phosphorylation of the sarcolemmal lipid, phosphatidylinositol(4,5)bis phosphate (PI(4,5)P 2 ), to PI(3,4,5)P 3 to initiate downstream signaling events, particularly activation of protein kinase B (Akt). 8 PI3K(p110α) is activated in the heart during exercise 16 and is critical for postnatal heart growth and exercise-induced physiological hypertrophy. 15, 17 Mice with reduced cardiac PI3K(p110α) activity caused by expression of a dominant negative (dn) PI3K(p110α) mutant or loss of p85 regulatory subunits of p110α displayed smaller hearts under basal conditions and showed an attenuated hypertrophic response to swim training. 15, 17, 18 dnPI3K mice also displayed faster disease progression and increased mortality in models of myocardial infarction and dilated cardiomyopathy, respectively. 19, 20 Conversely, transgenic (Tg) mice with elevated cardiac PI3K(p110α) activity caused by expression of a constitutively active (ca) PI3K(p110α) mutant, displayed physiological cardiac hypertrophy under basal conditions, 17 and had better cardiac function or lifespan in a setting of myocardial infarction or dilated cardiomyopathy. 19, 20 However, in each of the disease studies, PI3K activity was regulated before the cardiac insult because transgene expression was switched on largely after birth using the α-myosin heavy chain (MHC) promoter. In a similar context, other genetic and pharmacological interventions have been reported to provide cardiac protection when manipulation occurs before or concurrently with a cardiac insult. 8 However, the key challenge is to identify approaches with the ability to improve cardiac function once dysfunction is already present/diagnosed, mimicking the clinical situation. Because exercise has been shown to improve cardiac function in heart failure patients, we hypothesized that an essential regulator of exercise-induced cardiac protection would have the capacity to improve function of the failing heart.
A complex array of molecular and biochemical changes have been linked with the cardioprotective properties of exercise, 21 including increases in antioxidant enzymes, 22 heat shock proteins (Hsps; eg, Hsp70), [22] [23] [24] NO metabolites 25 and, more recently, regulators of cardiac myocyte proliferation. 7 The main goal of the present study was to identify a key regulator of exercise-induced protection, and to assess whether its activation could reverse pathological remodeling. Because reduced PI3K(p110α) activity dramatically blunted exercise-induced hypertrophy in mice, 15 we hypothesized that PI3K(p110α) might be the essential master regulator of exercise-induced protection, and that increasing PI3K using a gene therapy approach could also confer benefit in the absence of exercise.
Methods

Experimental Animals
All aspects of animal care and experimentation were approved by the Alfred Medical Research and Education Precinct Animal Ethics Committee. Cardiac-specific Tg mice with increased or decreased PI3K(p110α) activity (caPI3K and dnPI3K mice, respectively; FVB/N background) were originally generated as described. 17 To assess the impact of increasing Hsp70 expression in hearts of dnPI3K mice, dnPI3K-Hsp70 Tg mice were generated by breeding heterozygous dnPI3K mice with heterozygous Hsp70 Tg mice (overexpression of Hsp70 in heart and skeletal muscle using β-actin promoter and a cytomegalovirus enhancer; BALB/c background). 26 To examine the effect of deleting Hsp70 from hearts of caPI3K mice, caPI3K-Hsp70 knockout (KO) mice were generated by breeding caPI3K mice with Hsp70 KO mice (C57BL/6 background). 27 Recombinant adeno-associated viral 6 (rAAV6) vectors carrying a caPI3K expression cassette were delivered to wild-type mice on FVB/N or C57BL/6 backgrounds.
Experimental Protocols
Protocol 1
We first established a protocol in which chronic exercise training protected the mouse heart against a subsequent cardiac insult (ascending aortic constriction [AAC]). Adult (8-12 weeks) female non-Tg (Ntg/control) mice were subjected to swim training for 4 weeks, as described. 15 One day after the last training session, AAC or a sham operation was performed as reported. 28 No further exercise training was undertaken after AAC. Cardiac function was assessed 1 week postsurgery, before tissue collection. The AAC model was used because it causes significant left ventricular (LV) remodeling within 1 week and is associated with signs of heart failure including fluid in the chest, lung congestion, and atrial enlargement.
We confirmed the exercise training protocol induced significant physiological cardiac hypertrophy in a subset of Ntg mice (≈43% increase in heart weight [HW] standardized to tibial length [TL]; P<0.0001; n=8 nonswim; n=5 swim), as previously shown. 14, 15 Heart size returned to baseline within a week of cessation of exercise, with no difference in HW/TL ratio between trained and untrained shamoperated mice 1 week postsurgery ( Figure 1B ; comparison of untrained and trained sham mice). Thus, any increase in HW observed in trained Ntg mice subjected to pressure overload was considered indicative of pathological cardiac hypertrophy induced by aortic-banding rather than remnant physiological hypertrophy from exercise training.
Protocol 2
To examine whether PI3K(p110α) is critical for mediating exerciseinduced cardiac protection, adult (8-12 weeks) female caPI3K, dnPI3K, and Ntg mice were subjected to the same procedures described in protocol 1.
Protocol 3
To assess whether Hsp70 plays a role in PI3K-mediated cardiac protection, AAC was performed in dnPI3K mice overexpressing Hsp70 (dnPI3K-Hsp70 Tg) and caPI3K mice deficient for Hsp70 (caPI3K-Hsp70 KO). Cardiac function was assessed 1 week postsurgery.
Protocol 4
To determine whether delivery of an rAAV vector containing the ca mutant of PI3K(p110α) could mimic the effects of the caPI3K transgene in mice (ie, induce physiological heart growth), mice were administered rAAV6-caPI3K or a control vector (rAAV6-null). Adult (10-12 weeks) male C57BL/6 mice received 6×10 10 or 2×10 11 vector genomes via a tail vein injection. Systolic function was assessed before administration of vector and 8 weeks after delivery.
Protocol 5
To assess whether rAAV6-caPI3K could restore function in a mouse model with preexisting cardiac dysfunction, 2×10 11 vector genomes were administered via a tail vein injection to adult male FVB/N mice with pressure overload-induced cardiac dysfunction. Because vector transduction has been shown to take ≈11 days, 29 the slower developing transverse aortic constriction (TAC) model of pressure overload rather than AAC was used. TAC was performed as described 30 and is associated with cardiac dysfunction within 4 weeks. Cardiac function was measured 4 weeks post-TAC, and mice were randomized to receive single administration of rAAV6-caPI3K, rAAV6-null, or saline. Cardiac function was assessed 4, 8, and 10 weeks post-AAV delivery.
AAV Generation and Administration
A PI3K construct that encodes a ca protein (caPI3K is a chimeric molecule that contains the iSH2 domain of p85 fused to the N-terminus of bovine p110 31 ) was cloned into an AAV vector plasmid with a cytomegalovirus promoter and packaged into pseudotype 6 capsids (further details presented in online-only Data Supplement Material). Systemic delivery of rAAV6 vectors was previously shown to preferentially transduce cardiac and skeletal muscle. 29 Approximately 6×10 10 or 2×10 11 vector genomes of rAAV6-caPI3K or a transgene-null vector (rAAV6-null; control) were administered via a tail vein injection.
Left Ventricular Structure and Function
Echocardiography (2-dimensional M-mode) was performed in anesthetized mice (2,2,2-tribromoethanol 240 mg/kg i.p. for protocols 1-3; 1.8% isoflurane for protocols 4-5) using a Hewlett Packard Sonos 5500 or Philips iE33 ultrasound machine with a 15 MHz linear array transducer, as described. 32 LV posterior wall thickness, LV chamber dimensions, fractional shortening, and pressure gradients were measured as reported. 28
Histological Analyses
Ventricle samples were frozen in cryoprotectant compound or fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. Assessment of fibrosis with Masson trichrome, apoptosis by terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling, immunostaining for quantification of capillary density, and the detection of Myc-tagged caPI3K in mice administered rAAV6-caPI3K is described in online-only Data Supplement Material.
Gene, Protein, and Biochemical Activity Analyses
A detailed description is presented in online-only Data Supplement Material. In brief, protein and RNA were extracted from tissue as previously described. 33 Gene expression was determined by Northern blotting, microarray, 19 or real-time quantitative polymerase chain reaction, and protein expression was assessed by Western blotting. Citrate synthase activity in mixed gastrocnemius of untrained and trained Ntg and caPI3K mice was measured as reported. 15 
Statistical Analyses
Results are presented as mean±SEM. All variables in the analysis were continuous. Differences between groups were identified using 1-way ANOVA, or repeated-measures ANOVA if serial echocardiography measurements were taken. Fisher least significant difference post hoc pairwise t tests were performed when the ANOVA was significant (P<0.05). All pairwise P values are 2-sided. Unpaired t tests were performed when the ANOVA was not significant and when comparing 2 groups for single measure. Given the nature of the study, no adjustment for multiple comparisons was made. All relative units are expressed as a fold change with the relevant control group normalized to 1.
Results
Exercise Training Attenuated Pressure Overload-Induced Pathological Remodeling and Cardiac Dysfunction
AAC induced pathological cardiac hypertrophy associated with an increase in LV wall thickness, depressed systolic function, and lung congestion (see untrained banded mice; Figure 1A -1C; online-only Data Supplement Table I ). Despite similar degrees of aortic stenosis in untrained and trained banded groups (aortic pressure gradient; online-only Data Supplement Table I ), systolic function was not depressed in trained banded mice and, notably, was not different from sham-operated mice ( Figure 1A ; online-only Data Supplement Table I ). HW/ TL and LV wall thicknesses were lower in trained banded mice compared with untrained banded mice ( Figure 1B ; online-only Data Supplement Table I) , and there was no evidence of lung congestion in trained banded mice ( Figure 1C ). Furthermore, markers associated with pathological hypertrophy (atrial natriuretic peptide [ANP] and B-type natriuretic peptide) were lower in banded hearts from trained mice compared with untrained mice, and specific genes important for contractile function (sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase 2a [SERCA2a] and αMHC) were depressed in hearts of untrained banded mice but not in trained banded mice ( Figure 1D ).
Exercise-Induced Protection Was Mimicked by Enhanced PI3K(p110α) Activity and Ablated by Reduced PI3K(p110α) Activity
To assess the role of PI3K(p110α) in mediating exerciseinduced protection of the heart, cardiac-specific Tg mice with elevated or reduced PI3K(p110α) activity (caPI3K and dnPI3K mice, respectively) were subjected to exercise training and aortic-banding. Hearts of caPI3K mice (nonswim sham/ basal state) displayed normal fractional shortening and were ≈20% larger than Ntg hearts (Figure 2A and 2B; reflecting physiological heart growth), and hearts of dnPI3K mice were ≈20% smaller ( Figure 2B ), consistent with previous reports. 17 There was a significant pressure gradient between the aorta and ventricle of all banded mice included in the study, and this was not different between untrained and trained mice of the same genotype (online-only Data Supplement Table II) .
As observed in the pilot study (protocol 1), swim-trained banded Ntg mice were protected against cardiac dysfunction, pathological hypertrophy, and lung congestion (Figure 2A-2C ; online-only Data Supplement Table III ). Trained banded Ntg mice also displayed less LV fibrosis, reduced ANP expression, and increased SERCA2a and αMHC expression compared with untrained banded Ntg mice ( Figure 2D and 2E). caPI3K mice, regardless of exercise status, displayed comparable protection against pressure overload-induced remodeling to that observed in trained Ntg mice. Both untrained and trained caPI3K mice displayed minimal hypertrophy in response to aortic-banding (≈9-12% increase in HW/TL; Figure 2B ; no significant increase in LV wall thicknesses; online-only Data Supplement Table II) , showed no signs of cardiac dysfunction, no lung congestion, no ventricular fibrosis, and no significant increase in ANP gene expression (Figure 2A-2E ). In contrast, exercise-induced protection was completely absent in dnPI3K mice. Trained and untrained dnPI3K mice showed a greater degree of cardiac dysfunction than untrained banded Ntg mice ( Figure 2A ). Furthermore, exercise training was unable to attenuate lung congestion, LV fibrosis, the increase in ANP expression, or the decrease in SERCA2a and αMHC expression in banded dnPI3K mice ( Figure 2C-2E ).
It is important to note that differential responses between Tg mice were not due to reduced exercise capacity in dnPI3K mice or increased exercise capacity in caPI3K mice. Transgene expression is restricted to the heart, and exercise capacity has been shown to be similar, as assessed by measurement of citrate synthase activity in skeletal muscle (see Reference 15; online-only Data Supplement Figure I ) and treadmill exhaustion and endurance tests.
In summary, banded caPI3K mice were protected from LV remodeling and signs of heart failure independent of exercise status, whereas exercise did not provide protection in banded dnPI3K mice, suggesting that PI3K(p110α) is a key regulator of exercise-induced cardiac protection.
PI3K(p110α) Regulates the Expression of Genes and Proteins Previously Linked With Exercise-Induced Protection
Increased expression of antioxidant enzymes, Hsps (Hsp27, Hsp70/72, Hsp90) and regulation of transcription factors associated with cardiomyocyte proliferation (decrease in CCAAT/ enhancer binding protein β [C/EBPβ] and increase in Cbp/ p300-interacting transactivator with ED-rich carboxy-terminal domain 4 [CITED4]) 7 have been implicated in mediating exercise-induced protection. Gene expression of catalase, Hsp27, and Hsp90 was increased in hearts of caPI3K mice and reduced in hearts of dnPI3K mice ( Figure 3A ). C/EBPβ expression was also reduced in hearts of caPI3K mice, and CITED4 expression tended to be elevated ( Figure 3B and 3C). In contrast, there was a trend for higher C/EBPβ and lower CITED4 expression in the dnPI3K mice ( Figure  3B and 3C) .
Of the mechanisms linked with exercise-induced cardiac protection, Hsp70 has been the most extensively studied, 22, 24, 34, 35 possibly because genetic mouse models of Hsp70 loss-and gain-of-function clearly demonstrate that Hsp70 protects the heart in settings of stress. 26, 36, 37 In the present study, Hsp70 protein expression was elevated in hearts from Ntg mice after 4 weeks of swim training, as well as trained and untrained caPI3K mice, but not dnPI3K mice ( Figure 4A ). Thus, it was of interest to assess whether Hsp70 was important for PI3K-induced protection.
PI3K(p110α) Protected the Heart Independently of Hsp70
To determine whether Hsp70 was important for PI3K-induced cardiac protection, 2 independent studies were performed: (1) dnPI3K mice were bred with Hsp70 Tg mice to generate dnPI3K-Hsp70 Tg mice and (2) caPI3K mice were bred with Hsp70 KO mice to generate caPI3K-Hsp70 KO mice. Increasing Hsp70 in the dnPI3K heart was predicted to improve outcome, whereas deleting Hsp70 from the caPI3K heart was predicted to have an adverse impact in settings of cardiac stress.
Hearts of dnPI3K-Hsp70 Tg mice expressed similar levels of Hsp70 protein to Hsp70 Tg mice ( Figure 4B ). Under basal conditions, HW/TL and systolic function of adult dnPI3K-Hsp70 Tg and dnPI3K mice were comparable ( Figure 4C ). To assess whether increasing Hsp70 in hearts of dnPI3K mice would provide protection in a setting of cardiac stress, a group of dnPI3K and dnPI3K-Hsp70 Tg mice were subjected to AAC for 1 week. AAC induced a significant aortic pressure gradient compared with sham-operated mice (online-only Data Supplement Table IV ). Overexpression of Hsp70 did not improve systolic function ( Figure 4D ; online-only Data Supplement Table IV) , attenuate pathological cardiac hypertrophy, or reduce lung congestion ( Figure 4E ). Both banded dnPI3K and dnPI3K-Hsp70 Tg mice displayed significant LV fibrosis ( Figure 4F ) and enlargement of the left atrium, as well as atrial thrombi (data not shown).
Hsp70 protein was not expressed in hearts of caPI3K-Hsp70 KO mice ( Figure 4G ). Under basal conditions, there were no significant differences in systolic function between caPI3K and caPI3K-Hsp70 KO mice ( Figure 4H ; online-only Data Supplement Table V ). In response to AAC, caPI3K and caPI3K-Hsp70 KO mice were protected to a similar degree, as assessed by systolic function (Figure 4H ; online-only Data Supplement Table V ). The degree of pathological hypertrophy was also similar, and there was no evidence of lung congestion ( Figure 4I ) or LV fibrosis ( Figure 4J ). It is interesting to note that phosphorylated Akt/total Akt was elevated in hearts from caPI3K-Hsp70 KO compared with caPI3K under basal conditions and in response to AAC (online-only Data Supplement Figure II) . 
rAAV6-caPI3K Induced Physiological Heart Growth in Adult Mice
Having demonstrated that PI3K(p110α) was essential for mediating exercise-induced cardiac protection, and regulated genes previously linked with the cardioprotective properties of exercise, we next assessed whether a rAAV vector containing a caPI3K expression cassette could (i) induce physiological hypertrophy in the normal adult mouse heart and (ii) restore function of the failing heart.
Because PI3K(p110α) has tumorigenic properties in other cell types, muscle-specific delivery is critical. We used a vector configuration that had previously been shown to preferentially transduce cardiac muscle, that is, rAAV6 with expression mediated by a cytomegalovirus promoter. 29 Modification of PI3K to render it ca results in a protein that is ≈40 kDa larger than p110α (ie, 150 kDa versus 110 kDa). The caPI3K protein was expressed in cardiac myocytes (myc tag within caPI3K colocalized with α-sarcomeric actin; Figure 5A ) in a dose-dependent manner after administration of 6×10 10 and 2×10 11 vectors, respectively ( Figure 5B ). As expected, the caPI3K protein was strongly expressed in the heart, and to a considerably reduced extent in skeletal muscle ( Figure 5C ). No transgene expression was observed in liver, lung, kidney, or spleen ( Figure 5C ). In subsequent studies, 2×10 11 vector genomes were administered.
Adult male mice examined 8 weeks after a bolus administration of rAAV6-caPI3K exhibited increased heart size ( Figure 5D and 5E) that was characteristic of physiological hypertrophy, that is, associated with larger cardiac myocytes ( Figure 5F ), similar or slightly enhanced basal systolic function ( Figure 5G ; online-only Data Supplement Table VI) , increased angiogenesis ( Figure 5H) , and increased activation of the Akt-mammalian target of rapamycin-p70S6K pathway ( Figure 5I ). rAAV6-caPI3K did not have an effect on markers associated with cardiomyocyte proliferation (C/EBPβ and CITED4; online-only Data Supplement Figure  IIIA) . Consistent with rAAV6-caPI3K inducing physiological rather than pathological hypertrophy, there was no increase in lung weight ( Figure 5J ) or LV ANP gene expression ( Figure 5K ).
rAAV6-caPI3K Improved Function in a Model of Pressure Overload-Induced Cardiac Dysfunction
Adult male mice were subjected to TAC for 4 weeks to induce systolic dysfunction before delivery of rAAV6-caPI3K. Four weeks post-TAC, LV posterior wall thickness was increased by ≈27% and systolic function was reduced from ≈42% to ≈34% (online-only Data Supplement Table VII ). After the echocardiographic assessment, mice were randomly assigned to receive rAAV6-caPI3K, a control vector, or saline. Expression of caPI3K protein in heart tissue of mice that received rAAV6-caPI3K was confirmed by Western blotting (Figure 6A ). Four weeks postvector delivery, PI3K-treated mice showed a trend for an improvement in heart function, which was significant by 10 weeks posttreatment ( Figure 6B) . No improvement was observed in the cohorts of TAC mice receiving either control vector or saline. Improved systolic function in rAAV6-caPI3K-treated TAC mice was associated with a trend for an increase in Akt phosphorylation ( Figure 6C ). Control mice subjected to TAC displayed a significant increase in βMHC expression and decreases in SERCA2a expression and the αMHC/βMHC ratio compared with sham-operated mice ( Figure 6D ). These alterations in gene expression were not as pronounced in the mice treated with rAAV6-caPI3K vectors. Apoptosis was relatively low in TAC hearts (≈0.03%), and rAAV6-caPI3K had no effect on this parameter (onlineonly Data Supplement Figure IV) . C/EBPβ and CITED4 gene expression were also unaltered by rAAV6-caPI3K (online-only Figure IIIB) . In contrast, angiogenesis was higher in rAAV6-caPI3K-treated TAC mice than control vector TAC mice ( Figure 6E ).
Data Supplement
Discussion
Exercise activates a complex network of molecular events that can protect the heart in settings of stress. 6, 38, 39 Regular physical activity is also known to improve function in heart failure patients. 4, 40 However, exercise as a treatment modality may not always be feasible for patients with heart disease. Thus, understanding the key molecular mechanisms responsible for the beneficial properties of exercise is of significant importance to identify novel therapeutic targets. The major goal of the present study was to determine whether PI3K is a master regulator of exercise-induced protection that could then be targeted to improve function of the failing heart. We hypothesized that PI3K might represent a critical nodal regulator of exercise-induced protection because it lies downstream of receptor tyrosine kinases, upstream of multiple divergent signaling pathways, and was previously shown to be a critical regulator of exercise-induced hypertrophy. 15 We first demonstrated that our exercise protocol provided subsequent protection against pressure overload-induced pathological cardiac hypertrophy. Exercise-trained Ntg mice had better systolic function and less pathological hypertrophy and lung congestion than untrained controls after aortic-banding, indicating that chronic exercise can provide sustained protection against a cardiac insult. Next, we used PI3K Tg mice to determine whether PI3K was important for the observed exercise-induced protection, and the magnitude of any protection. Here, we identify PI3K as an essential regulator of exercise-induced cardiac protection. Chronic exercise training provided protection against pressure overload-induced pathological hypertrophy and cardiac dysfunction in Ntg, but this was completely ablated in mice with reduced cardiac PI3K activity, that is, dnPI3K mice. It is important to note that increased cardiac PI3K activity in untrained caPI3K mice recapitulated the protection observed with exercise training.
Consistent with PI3K being obligatory for exercise-induced protection, expression levels of the antioxidant catalase, Hsps, and markers of cell proliferation were beneficially altered in caPI3K mice under basal conditions. Because numerous studies have demonstrated that Hsp70 is upregulated in the heart in response to exercise 24, 35, 41 and Hsp70 has been linked with cardiac protection, 26, 36 we investigated the importance of Hsp70 in mediating PI3K-induced cardiac protection. Tg overexpression of Hsp70 could not rescue the phenotype of banded dnPI3K mice, and deletion of Hsp70 from banded caPI3K mice had no effect. Collectively, these data suggest that Hsp70 is neither necessary nor sufficient for PI3K-induced protection. Changes in PI3K activity may override or compensate for changes in Hsp70 via activation of parallel pathways. Consistent with this premise and the general hypothesis that PI3K represents a master regulator, Akt activation, which is elevated in caPI3K hearts compared with Ntg, was elevated even further in caPI3K-Hsp70 KO hearts. The ability of PI3K to further augment Akt activation in the absence of Hsp70 may explain why caPI3K-Hsp70 KO hearts remained protected in response to AAC. Akt1 is a critical mediator of cardiac protection in a setting of pressure overload. 42 An unavoidable complication of the present study is that PI3K activity was decreased in the dnPI3K heart during exercise training and the subsequent period of pressure overload. The more optimal experimental design would have been one in which PI3K was only inhibited in the heart during exercise training but not during aortic-banding. However, there are currently no available genetic models or tools that would allow inducible reduction of PI3K during the exercise bouts, followed by complete restoration the following day, before AAC. Despite this limitation, the data suggesting PI3K is an essential master regulator of exercise-induced protection are still compelling for the following reasons. First, if exercise training provided any significant protection via mechanisms other than that provided by PI3K, some protection would have been observed in trained banded dnPI3K mice compared with untrained banded dnPI3K mice. Based on cardiac function, fibrosis, and molecular markers (eg, ANP gene expression), no protection was observed in exercise-trained banded dnPI3K mice. Second, a decrease in PI3K cardiac activity under basal conditions (ie, dnPI3K mice without the stimulus of exercise or pressure overload) was associated with changes in genes previously linked with exercise-induced cardiac protection, for example, Hsps, catalase, and markers of proliferation.
Having demonstrated that PI3K was an essential regulator of exercise-induced protection, we next used a gene therapy approach to determine whether delivery of an rAAV6-caPI3K vector in a mouse model with preexisting cardiac dysfunction could restore function. First, we assessed the impact of rAAV6-caPI3K in normal adult mice under basal conditions. Administration of rAAV6-caPI3K induced physiological heart growth that was reminiscent of that observed in caPI3K Tg mice. We also confirmed that gene delivery was restricted largely to the heart. We then administered rAAV6-caPI3K to mice with pathological cardiac hypertrophy and dysfunction caused by 4 weeks of TAC. Examination of TAC mice, 10 weeks after single injection of rAAV6-caPI3K, demonstrated that systolic function was improved compared with pretreatment and control mice. Improved cardiac function in rAAV6-caPI3K-treated TAC mice was associated with more favorable levels of Akt phosphorylation, SERCA2a and αMHC/βMHC ratio than control vector-treated mice, and increased angiogenesis. rAAV6-caPI3K had no significant effect on apoptosis or markers of proliferation in TAC mice; however, apoptosis was low in this model (≤0.04%). Whether rAAV6-caPI3K can inhibit apoptosis and promote myocyte proliferation in cardiac stress models associated with higher levels of apoptosis, remains to be elucidated.
Numerous genetic interventions and pharmacological approaches have been shown to protect against pathological insults when present or administered before, or simultaneously with, a cardiac insult. Only a limited number of studies have specifically targeted the heart and improved outcome in a setting of established cardiac dysfunction. Rengo et al 43 demonstrated that 12 weeks of rAAV6-β-adrenergic receptor kinase-1 C terminus (βARKct) gene delivery to rats with cryoinfarction-induced heart failure improved cardiac function. Here we demonstrate, for the first time, that gene delivery of caPI3K also has the capacity to restore cardiac function. Akt1, a well-characterized downstream regulator of PI3K, has also been shown to provide protection against pressure overload-induced dysfunction and increase angiogenesis in a paracrine manner. 42, 44, 45 However, whereas chronic activation of PI3K has no reported adverse effects, 17,20 the impact of Akt seems to be dependent on subcellular localization and the degree of Akt activation and cardiac growth. 45 A recognized challenge in the cardiac field is the similarities between signaling pathways that drive tumorigenesis and those that regulate protection in the heart. 46 Amplification and mutation of PI3K(p110α) has been associated with cancer. 46, 47 To prevent this complication, we used an rAAV vector that preferentially increases PI3K in the heart. The translation of effective gene therapies into the clinic has also been challenging. However, enthusiasm regarding AAV strategies entering the clinic for many diseases has grown recently, with significant developments in relation to optimization of vector design and improved manufacturing methods. 48 Furthermore, an AAV1-based intervention recently entered a phase 2 trial in patients with advanced heart failure. 49 In our study, single administration of rAAV6-caPI3K resulted in improvement in heart function 8 to 10 weeks after delivery. Of note, transgene expression was shown to be sustained for >1 year in mice. 50 In summary, the present study provides the first demonstration that PI3K(p110α) is indispensable for exercise-induced cardiac protection, and that rAAV6-caPI3K has the potential to improve cardiac function in mice with preexisting pressure overload-induced remodeling and cardiac dysfunction. This represents a novel approach to recapitulate some of the positive effects of exercise, using a modality that is potentially applicable to heart failure patients who are unable to undertake regular exercise.
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